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Abstract 
Appropriate and effective drinking water treatment is critical to the protection of public 
health. Toxic cyanobacterial blooms  are a globally increasing drinking water source quality-
associated health risk as even very low (>1.5 parts per billion (ppb) or micrograms per litre 
(µg/L)) concentrations of the cyanobacteria-produced toxin microcystin can be unsafe to 
drink. Increased pressures on freshwater supplies as well as climate change associated 
factors such as alternating periods of drought and intense storms and increasing water 
temperature cause more nutrient runoff into water supplies and create favourable conditions 
for the growth of cyanobacteria.  
Ozone is generally understood to effectively destroy many toxins during drinking water 
treatment.   Its efficacy, however, can be adversely impacted by the presence of natural 
organic matter, often measured as dissolved organic carbon (DOC).  The conditions that 
create favourable growth conditions for cyanobacteria, can also increase the concentrations 
of DOC in the source water of a drinking water treatment facility. 
The objectives of this research were to determine whether ozone is an effective 
cyanobacterial toxin elimination technology at the conditions studied; specifically in the 
presence of high DOC (~10 mg/L), to determine the efficacy of ozone in the destruction of 
intercellular (within cells) toxin vs. extracellular (within water matrix) toxin, and to determine 
the extent of cell destruction by ozone. 
Bench-scale experiments were conducted.  Both extracted toxin and cyanobacterial cells 
were added to coagulated/flocculated/clarified water collected from the Mannheim Water 
Treatment Plant in Kitchener, Ontario. Microcystin concentrations were measured by the 
ELISA method and by liquid chromatography-mass spectroscopy-mass spectroscopy (LC-
MS-MS).  
This investigation confirmed that ozone can destroy extracellular microcystin-LR to below 
1.5 µg/L (ppb) at ozone residuals above 0.3 mg O3/L when the aqueous DOC concentration 
was below 5 mg/L.  The relationship between required ozone residual to achieve adequate 
extracellular toxin destruction and DOC concentration in the water matrix was quantitatively 
described.  Notably, when Microcystis aeruginosa cells were present, an amount equivalent 
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to less than 50% of the concentration of extracellular microcystin-LR was destroyed by 
ozone. This demonstrates that significant oxidative capacity is required to lyse the cells 
before ozone can destroy intercellular toxin.  The novel contribution of this work is that this 
relationship was 1) demonstrated through using toxin in extracted and cellular forms and 
2) maintained when all other critical operational factors (i.e., ozone residual, DOC 
concentration, water matrix) were the same. These results underscore the need to reassess 
operational requirements for ozonation for the treatment of cyanobacterial toxins when intact 
cells are present as opposed to extracellular toxin, which is used in most performance 
assessments.  
Notably, as the aqueous DOC concentration increased, the proportion of live cells present 
following ozonation (as measured by intercellular toxin concentrations) also increased.  
Therefore, not only does DOC decrease the efficacy of ozone to destroy toxin, it decreases 
the oxidative capacity to lyse cells; moreover, the rate is not directly proportional to the 
aqueous DOC concentration.  As a result, increases in ozone residual concentration had a 
minimal effect on toxin destruction in these cases. In other words, the levels of toxin 
destruction that would have been expected based on comparable ozone residuals in 
absence of DOC (or when only low levels of DOC were present) were not achieved because 
of the significant oxidant/ozone demand of DOC when present at high aqueous (~10 mg/L) 
concentrations.   
Another important contribution of this work was the demonstration that not all cyanobacterial 
cells were destroyed following ozonation; thus, they were described as “Damaged and 
Potentially Viable (DAPV)” cells.  These cells were present at ozone residuals less than 0.45 
mg O3/L, logically suggesting that incomplete oxidative treatment occurs at lower ozone 
residual concentrations.  Notably, these DAPV cells may have the potential to reproduce; 
given this and the common assessment of treatment performance using extracellular toxin, 
the efficacy and operational requirements of oxidative treatment of cyanobacterial cells by 
ozonation may need to re-evaluated for situations in which live cells are present.  These 
observations also underscore the need to more fully assess the significance of DAPV cells.  
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Chapter 1 
Introduction 
Appropriate and effective drinking water treatment is critical to the protection of public health 
(Gaffield et al., 2003). In North America, enforcement of drinking water treatment requirements 
is enabled by regulations such as the Ontario Safe Drinking Water Act (2002), Alberta’s 
Environmental Protection and Enhancement Act: Potable Water Regulation (2003) and the 
United States Environmental Protection Agency (US EPA) Safe Drinking Water Act (1996). 
These regulations are typically source-based and it is believed that different water sources (or 
types) (e.g., groundwater, surface water, groundwater under the influence (GUDI) of surface 
water) generally have different water quality.  The quantity, quality and diversity of 
microorganisms, solids, and organic matter in untreated water supplies will dictate the extent of 
treatment required for adequate public health protection (Hammes et al., 2008; Matsushita et 
al., 2013).  The presence of toxic cyanobacterial cells often threatens the water industry’s ability 
to protect public health because many utilities do not have the treatment infrastructure to 
effectively treat these toxins. Moreover, cyanobacteria themselves can be difficult to remove, 
thereby contributing to service disruptions should they be present in finished drinking water.  
Overall, the presence of toxin-bearing cyanobacteria is a significant drinking water source 
quality-associated health risk that is increasing in frequency globally (Merel et al., 2013; O’Neil 
et al., 2012).  In North America, this threat was underscored by the source and treated water 
quality deterioration event that left 500,000 people in Toledo, Ohio in the summer of 2014 
without drinking water because of the confirmed presence of unsafe levels of the cyanobacterial 
toxin microcystin (a hepatotoxin) in the drinking water treatment plant’s finished water (Wilson, 
2014).  
“Cyanobacteria” and “algae” are terms that are often used interchangeably; however, 
cyanobacteria are prokaryotic bacteria, whereas algae are distinguished as eukaryotic 
organisms.  Cyanobacteria are named under both Botanical and Bacteriological Codes, each 
having different rules of nomenclature, hence the various terminology (Palinska and Surosz, 
2014).  Cyanobacteria are single-celled and one of the oldest known organisms; they also form 
a critical part of aquatic ecosystems.  Thus, they are nearly always present in surface water 
bodies (Svrcek and Smith, 2004).  The concern over their presence in water treatment 
processes is with respect to the concentrations of cells and the potential for toxin production 
within those cells.  Twelve (12) of the cyanobacteria genera are known to produce harmful 
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toxins (Sivonen and Jones, 1999).  Cyanobacterial toxins can pose a public health risk even at 
very low concentrations, which is why the World Health Organization (WHO) has set a 
maximum acceptable microcystin-LR concentration in drinking water of 1 micrograms per litre 
(µg/L) (WHO, 2008).  Comparably, the Ontario Drinking Water Quality Standards (ODWQS), 
O.Reg. 169/03 and Health Canada’s Guidelines for Canadian Drinking Water Quality state a 
maximum of 1.5 µg/L microcystin-LR in drinking water.  Heath Canada is proposing new 
guidelines, which include a maximum acceptable concentration of 1.5 µg/L total microcystins in 
drinking water.  This is intended to include any of the 100 or more congeners of microcystin 
(Health Canada, 2016).  While the US EPA has not issued maximum concentrations of 
microcystins in drinking water, in 2015 they set health advisory levels for microcystin-LR based 
on age --- 0.3 µg/L for children under six years of age and 1.6 µg/L for those six years and older 
(US EPA, 2015).  The aspects of particular concern with these toxins, as opposed to other water 
quality constituents (such as metals, carbon, or even bacteria) are that: 
1) Cyanotoxins require high energy treatment technologies (ozone, UV) to be destroyed 
(Westrick et al., 2010). “Stopgap” measures like boil water advisories that are used for 
other microbial contaminants such as E. coli are ineffectual for cyanotoxins,  
2) Not all cyanobacteria blooms on surface water bodies produce toxins, and not all toxin-
producing cyanobacteria are visible by the presence of a bloom (Pierce et al., 2013).  
This can make detection difficult and time-consuming, and 
3) Cyanotoxin concentrations that cause damage or death in humans are very low and thus 
require reliable and effective treatment to avoid deleterious public health impacts.   
Increased pressures on freshwater supplies as well as climate change associated factors, such 
as alternating periods of drought and intense storms and increasing water temperature, cause 
more nutrient runoff into water supplies and create favourable conditions for the growth of 
cyanobacteria (Jeppesen et al., 2011). This eutrophication of surface drinking water supplies 
has led to increased frequency and severity of harmful cyanobacterial blooms in the past 
several years (O’Neil et al., 2012). In addition to toxin concentration guidelines, there are Alert 
Levels for cyanobacterial cells entering water treatment processes.  Water Quality Research 
Australia (WQRA) set a Level One Alert to between 2000 and 6500 cells/mL, a Level Two Alert 
at greater than 6500 cells/mL and a Level Three Alert at greater than 65 000 cells/mL 
(Newcombe et al., 2009).  These Alert Levels are intended to prompt changes in operations 
within drinking water treatment processes to ensure that cells and toxin are adequately removed 
and absent from treated drinking water and the distribution system.   
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Several technologies are employed to remove cyanobacterial cells and toxin during drinking 
water treatment.  Among them are coagulation and filtration, UV irradiation, and oxidation (with 
ozone, chlorine, permanganate, or hydrogen peroxide [usually combined with another 
technology such as ozone]) (Svrcek and Smith, 2004).  Ozone is commonly utilized for 
treatment of cyanotoxins due to its rapid reaction kinetics and efficacy in destroying cyanotoxin 
concentrations to below regulatory limits (Shawwa and Smith, 2001; Hoeger et al., 2002).  It 
does not produce potentially harmful, regulated disinfection by-products that result from the use 
of other technologies such as chlorination (Pressman et al., 2012).  However, oxidation by 
ozone causes cell lysis, which results in the release of toxins into the water matrix and the 
subsequent need for toxin elimination (Fan et al., 2014).  Source water quality—specifically, 
organic carbon levels—can reduce the efficacy of cyanobacterial cell and toxin treatment by 
ozonation (Onstad et al., 2007); however, this relationship is not well understood. 
Natural organic matter (NOM) is present in surface water from the metabolic activities of 
organisms and the dissolution of soil (Awad et al., 2016).  NOM is a complex mixture of 
compounds, normally measured in terms of the carbon-containing molecules (Pressman et al., 
2012).  The components of NOM are very source water specific and changes in the source 
water quality include or can be the result of changes in organic matter (Xue et al., 2014). 
Dissolved organic carbon (DOC) is the most common water quality metric used as a surrogate 
indicator for NOM during drinking water treatment. 
Most surface source waters contain low or moderate DOC concentrations, under 5 milligrams 
per litre (mg/L) and 10 mg/L, respectively (Crittenden et al., 2012).  However, there also are 
source waters with DOC concentrations, averaging ~15 mg/L and higher (Ledesma et al., 
2012).  High DOC concentrations present challenges to treatment processes because they 
exert significant coagulant demand, form disinfection by-products when organics react with 
chemical disinfectants, and increase microbial growth in distribution systems (Awad et al., 
2016); thereby resulting in relatively high coagulation and filtration costs.  Increases in DOC 
concentrations have been attributed to changes in climate/more extreme weather events 
(Emelko et al., 2011).  Water treatment facilities are designed to treat influent water quality over 
a certain range.  Should that range shift over time, the technologies employed and processes 
designed can be stressed and less effective at producing drinking water of satisfactory quality.  
This may result in decreased capacity or service disruptions.  Parts of the Eastern United 
States, Eastern Canada, United Kingdom, and Nordic countries have seen consistent DOC 
increases of 0.02 to >0.15 mg/L/yr in source water from 1990 to 2004 (Monteith et al., 2007).  
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Thus, over this period, drinking water source concentrations of DOC have increased by >2.1 
mg/L on average in many of these areas.  Combined with seasonal changes or increases due to 
discrete natural events (floods, fires), (Emelko et al., 2011) the implications for treatment 
operations are considerable and potentially catastrophic in some cases.  For example, changes 
in the carbon character (molecular weight, origin) have been observed in the influent water to 
treatment facilities during periods of droughts and floods (Fabris et al., 2015).  Drought-
impacted NOM was more recalcitrant to coagulation, and floods introduced more NOM of 
terrestrial origin.  During the Calgary, Alberta flood of 2013, the water treatment plant 
experienced raw water turbidity values above 4000 NTU (normally less than 40 NTU) (Kundert 
et al., 2014).      
The alterations in watersheds due to drought, flood, water temperature, or other significant 
effects that produce changes in the NOM character of the water are also the same factors that 
promote increases in cyanobacteria populations. This combination of factors further challenges 
cyanobacterial toxin destruction technologies in treatment plants as it requires changes to our 
collective understanding of the necessary operations of the processes and also requires 
understanding of the limitations the various technologies employed.   
The general goal of this research was to examine the relationship between ozone, DOC, 
cyanobacteria, and the toxins they produce to establish the limitations of ozone in drinking water 
treatment.  This research also aimed to determine key water quality conditions at which effective 
toxin elimination may be compromised. To address these goals, the specific objectives of the 
research were: 
1. To assess the efficacy of ozone as an effective cyanobacterial toxin elimination technology, 
2. To determine the efficacy of ozone in the destruction of both intercellular (within cells) toxin 
and extracellular (within water matrix) toxin,  
3. To determine the limits of ozone efficacy in the presence of DOC, and 
4. To determine the extent of cell destruction by ozone.  
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Chapter 2 
Literature Review 
2.1 Surface Water Environment 
Surface water source quality is inherently variable; changing seasonally and across longer time 
scales in response to pressures such as development, agriculture, and climate change 
(Ramaker et al., 2005).  Changes to the surrounding landscape, such as densification or 
increased agricultural activity have profound effects on surface water bodies and water quality; 
thus, they can also have significant effects on drinking water treatment (Jeppesen et al., 2011).  
Because the treatment processes employed at a given facility are selected and designed based 
on present and anticipated water quality (Crittenden et al., 2012), a treatment plant’s ability to 
concurrently meet demands and deliver safe, treated drinking water in compliance with 
regulatory criteria can be compromised if there are sudden and/or significant changes to that 
water quality, especially if such fluctuations occur frequently (Emelko et al., 2011; Emelko and 
Sham, 2014).   
Climate change can significantly impact water quality, quantity, and treatability in source 
watersheds (Yuo et al., 2013; Emelko et al., 2011).  Drought, forest fires, less glacier melt, 
floods, warmer water temperatures, and changes in precipitation amounts have all had far 
reaching consequences for downstream communities, both challenging treatment processes 
and sometimes resulting in service disruptions (Ritson et al., 2014; Writer et al., 2014; Emelko 
et al., 2011).  In some environments such as the sediment-rich regions of Western Canada, 
disturbance effects on water quality can last for decades or longer (Emelko et al., 2016). 
Notably, many such climate-change associated land disturbances have also been linked with 
increased occurrences of cyanobacterial bloom events (Brookes and Carey, 2011; Silins et al., 
2014; Emelko et al., 2016). 
There are numerous environmental conditions that contribute to the reproduction of 
cyanobacteria including: hydro-climatic and physiographic setting, water body morphometry, 
nutrient availability, light availability, competition with other cyanobacteria or algae, and grazing 
(AWWA, 2010; Mur et al., 1999; Torres et al., 2016; Nicklisch et al., 2008). In temperate 
climates, like Canada, cyanobacteria are most prevalent in late summer (Figure 2.1).  The exact 
combination of environmental factors that result in bloom events is not well understood (Mur et 
al., 1999).  Most importantly for drinking water treatment, the conditions at which cyanobacteria 
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produce toxins are even less understood.  Thus, the presence of a cyanobacterial bloom in 
source watersheds can be a benign nuisance or—in stark contrast—a small number of cells can 
produce substantial amounts of toxin and pose a significant public health threat if not properly 
treated. 
Figure 2.1: Satellite image of cyanobacterial bloom in Lake Erie, 2011 (NOAA, 2011) 
Nitrogen and phosphorus are the main nutrients that commonly limit the growth of 
cyanobacteria in freshwater (Salmaso, 2011). Notably, cyanobacteria, as compared to algae, 
have the ability to store phosphorus (Oliver and Ganf, 2000).  This, combined with the ability to 
move to phosphorus-rich regions of the water column by regulating buoyancy, makes 
cyanobacteria such as Microcystis sp. very adaptable; and contributes to it being one of the 
most prevalent toxin-producing cyanobacteria in surface waters, globally (AWWA, 2010; Mur et 
al., 1999).    
Microcystis species are freshwater cyanobacteria that can produce cyclic heptapeptide toxins 
that attack the liver in mammals.  These toxins were first isolated in Microcystis aeruginosa and 
thus, were called microcystins (Carmichael et al., 1988).  Cyclic microcystins are among the 
most toxic of the cyanobacterial toxins produced and can be produced by a variety of 
cyanobacteria (Planktothrix, Anabaena, Oscillatoria and Nostoc genera); they also are 
environmentally ubiquitous (Sivonen et Jones, 1999).  The toxin strain microcystin-LR is the 
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only cyanobacterial toxin for which the maximum drinking water concentration is specified in the 
WHO Guidelines for Drinking-Water Quality (WHO, 2008).     
While it is possible to prevent some cyanobacteria from entering drinking water intakes simply 
by increasing intake depth, this approach does not work well for Microcystis sp. because of its 
ability to move through and survive at various depths in the water column (McQuaid et al., 
2011).  Microcystis sp. are further resilient because they are adaptable to light.  Although they 
prefer brighter environments, like other cyanobacteria, they can alter the size and number of 
their photosynthetic units based on available light intensity (Torres et al., 2016). 
The environmental resilience of cyanobacteria such as Microcystis sp. combined with climate 
related changes in water quality that could favour its growth make it a strain of cyanobacteria 
that will likely continue to increase in significance to drinking water treatment providers.  While 
source water management is the most effective way to deal with cyanobacteria and potential 
toxins, cells will inevitably continue to enter drinking water treatment streams (Jetoo et al., 
2015).  Additionally, the high-level, multi-jurisdictional cooperation required for enacting and 
enforcing proactive source watershed protection measures can be difficult to achieve; thus, 
treatment of toxins and protection of public health may continue to ultimately fall to individual 
water treatment facilities.   
2.2 Microcystis sp. and Microcystin: Relevance and Characteristics 
Microcystis sp. are cyanobacteria; a group of photosynthetic prokaryotes.  Cyanobacteria are 
single-celled organisms that are prevalent in a variety of environments and can be found in both 
aquatic and terrestrial habitats, although Microcystis sp. are predominately found on the surface 
of freshwater bodies (Crittenden et al., 2012).  Microcystis sp., like other planktonic surface 
bloom-forming cyanobacteria, are aerotopes that consist of gas vesicles.  These vesicles are 
hollow with cell walls that allow for the passage of gas, but not water, and contribute to the 
ability of the cells to float (Oliver and Ganf, 2000).  The resilience and prevalence of Microcystis 
sp., such that they can produce large surface blooms through a combination of rapid division 
and buoyancy regulation, and their dominant presence in eutrophic waters enables them to out-
compete other phytoplankton for light (Torres et al., 2016).   
An understanding of the morphology and structure of cyanobacteria such as Microcystis sp. 
informs the design of strategies for cell and toxin destruction during drinking water treatment.  
As prokaryotes, cyanobacteria do not have a nuclear envelope or a nucleus.  Instead, their DNA 
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is located freely in the liquid component of the cytoplasm (Mur et al., 1999).  The components of 
the cyanobacterial cell are shown below (Figure 2.2). 
 
 
Figure 2.2: Cyanobacteria cell components (cronodon.com/BioTech/cyanobacteria.html) 
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Figure 2.3: Microcystis species at 640x magnification (Tsukii, 2001) 
Cyanobacteria are Gram negative bacteria.  A micrograph of Microcystis sp. is presented in 
Figure 2.3; it was obtained using optical microscopy.  The cell wall of Microcystis sp. is 
comprised of peptidoglycan and lipopolysaccharide, similar to other cyanobacteria (Graham and 
Wilcox, 2000).  On top of the outer membrane is an S-layer of proteins, which itself is covered 
by an oscillin layer that is responsible for the gliding movement of the cells (Crittenden et al., 
2012; Mur et al. 1999; AWWA 2010). The structure of a cyanobacterial cell envelope is provided 
in Figure 2.4. 
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Figure 2.4: Cyanobacteria cell envelope (cronodon.com/biotech/cyanobacteria.html) 
Individual Microcystis sp. cells are ovoid and spherical in shape and range in size from 2.6 µm 
to 5.4 µm (Kim et al, 1997; Figure 2.3).  The organisms exist as discrete, individual cells in both 
laboratory and natural environments; however, they are more prone to aggregation in natural 
environments.  This is believed to be due to the threat of predation (Yang et al., 2006; Yang et 
al., 2009). As a result of this threat (from predators such as Daphnia), they typically form 
gelatinous colonies (Sommer et al., 2003).  
Predation of Microcystis sp. affects toxin production. In one study, microcystin production 
increased by up to five times with exposure to Daphnia zooplankton; feeding inhibition and 
increased mortality were also observed among Daphnia zooplankton in the presence of toxin 
producing Microcystis sp. (Jang et al., 2003).  Other factors also influence toxin production and 
its concentration in cells.  For example, cell toxicity and toxin production rate can increase with 
light intensity by up to 40 microeinsteins m-2 s-1 (Utkilen and Gjolme, 1992); thus, accurate 
prediction of toxin production and toxicity is not presently possible for most natural 
environments.     
The potent hepatotoxin microcystin is of particular interest for the drinking water treatment 
industry. Microcystin is a cyclic peptide hepatotoxin estimated to be between 1.2 and 2.6 nm 
(Figure 2.5; Donati et al., 1994).  There are approximately 100 variants of the toxin, although the 
most commonly produced by Microcystis sp. are MC-LR, MC-RR, and MC-YR (Mazur-Marzec 
et al., 2010; Sivonen et Jones, 1999; Pekar et al., 2016).  As these toxins inhibit eukaryotic 
protein phosphatases 1 and 2A, they can cause liver damage and tumours, and gastroenteritis  
(MacKintosh et al., 1990).  A non-ribosomal enzyme is responsible for the synthesis of 
microcystin.  This enzyme complex is encoded by the gene cluster mcy, which has been found 
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in all toxin containing Microcystis strains.  Despite this, toxic and non-toxic strains are 99% 
genetically similar and it is still not possible to determine the toxicity of Microcystis cells from 
genetic analysis (Mazur-Marzec et al., 2010). 
 
Figure 2.5: Microcystin-LR (Wikipedia/MacKintosh et al., 1990) 
Cyanobacterial cells can pass through all of the processes within a conventional drinking water 
treatment plant and remain intact; notably, the removal of intact cells is greatest during 
coagulation/filtration/clarification (Zamyadi et al., 2012).  The cyanobacterial cell removal 
performance of these processes is highly dependent upon their cell concentration, because they 
can substantially challenge and disrupt coagulation efficacy and clog filters (Zamyadi et al., 
2012).  Pre-ozonation (i.e., ozonation applied at the beginning of the treatment process, prior to 
coagulation) can destroy cyanobacterial cells, but in doing so it can also release any toxins 
present in the cells.  That toxin can further pass through the treatment system if not sufficiently 
destroyed by ozonation.  Ozone applied toward the end of the treatment process is often relied 
upon to destroy remaining cells and toxin (Crittenden et al., 2012).  Its efficacy is affected by the 
presence of organic matter (Hoeger et al., 2002); however, this relationship has not been 
extensively investigated. Thus, describing the relationship between organic matter, 
Microcystis cells, and microcystin toxin in a controlled and quantitative manner is a key 
goal of this thesis research.   
While the release of metabolites such as MIB and geosmin by cyanobacteria during lysis has 
been studied (Hoeger et al., 2002), the extent of damage to cyanobacterial cell integrity caused 
by ozonation has been reported only more recently.  Loss of chlorophyll and alterations in cell 
structure after ozonation using BacLight® and Scanning Electron Microscope (SEM) 
microphotography was reported by Coral et al. (2013).  The structure of healthy cells was 
spherical and osmotic pressure was visible.  Cells following ozonation had dimples and 
distortions in cell shape and appeared taut and shrunken.  Although an ozone dose of 0.5 to 4.0 
mg O3/L was applied, no lysed cells were observed.  In stark contrast, Miao and Tao (2009) 
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measured a 91% reduction in chlorophyll following ozonation at concentrations of ozone similar 
to those used by Coral et al. (2013) and reported extensive cell lysis with 3 mg O3/L.  To build 
on such work, the impacts of ozone on cell lysis and toxin elimination in the absence of DOC 
were investigated in this thesis research, and the altered structure of the cells remaining post-
ozonation was assessed. Corresponding experiments were conducted with varied levels of 
DOC. 
2.3 Ozone 
Ozone treatment is increasingly common in drinking water treatment plants; it typically is 
situated in either the early phase (pre-ozonation) or late phase (post-sedimentation) of the 
treatment process (Crittenden et al., 2012).  Ozone has been shown to be a relatively quick and 
effective method of eliminating several cyanobacterial toxins, including microcystin-LR 
(Rositano et al., 1998).  Ozone concentrations as low as 1.5 mg/L can quickly (often less than 5 
minutes) reduce toxin concentrations to less than 1.0 µg/L. (Jurczak et al, 2005; Rositano et al, 
2001). Kinetic studies often describe oxidation by molecular ozone, but during drinking water 
treatment contaminant degradation is often through the generation of hydroxyl radicals, which 
can degrade some organic micropollutants more effectively than ozone (von Gunten, 2003). 
Particularly, the predominant kinetic mechanism of toxin destruction is believed to be by the 
hydroxyl radicals formed rather than the ozone itself (Shawwa and Smith, 2001).  Hydroxyl 
radical reactions are promoted by higher pH and by the presence of natural organics in water, 
however, the reactions occur less at higher water alkalinity (Rositano et al, 1998).  Also, the ·OH 
molecules can be scavenged by other aqueous species, resulting in reduced toxin elimination.  
Dissolved organic carbon (DOC) is a known ·OH scavenger at higher pH; in this case, ozone 
more readily dissociates into oxygen and water, forming fewer ·OH molecules (Pocostales et al., 
2010).  Additionally, ozonation causes cell lysis, thereby increasing aqueous DOC 
concentrations, as well as releasing toxins and taste and odour compounds such as MIB and 
geosmin (Wert et al., 2014). 
Cyanobacterial destruction during drinking water treatment has, to-date, focused on processes 
at the front end of typical treatment systems.  Several studies have examined pre-coagulation 
oxidation for toxin elimination (Hoeger et al., 2002; Chen et al., 2009); several others have 
investigated the efficacy of ozonation for the destruction of toxins present in raw water 
(Rodriguez et al., 2007; Pietsch et al., 2001).  Substantially less research has focused on the 
efficacy of oxidation of clarified water for toxin destruction.  Compared to untreated source 
 13 
water, water quality following coagulation/flocculation/clarification can be substantially different 
in alkalinity, DOC, and pH; thus, treatment requirements for toxin destruction in clarified water 
may be different than those for untreated water.  To further understand the effect of ozone on 
toxins in clarified water, experiments were conducted during this thesis research to determine 
the applied ozone concentrations required to suitably reduce toxin concentrations in settled 
water in the presence of moderately high and high pH and DOC.  
Toxin destruction during drinking water treatment has been investigated using both extracted 
toxins and whole cells from both cultured and naturally occurring blooms (Al Momani et al., 
2008; Svrcek and Smith, 2004).  The use of extracted toxins is easier and more common in the 
reported literature.  The benefit of studying ozonation of extracted toxin is that there is greater 
control in experimental design; specifically an exact amount of toxin can be added and thus, the 
proportion destroyed can be more accurately measured.  This permits a more controlled 
evaluation of the impact of each investigated parameter on the elimination of toxin.  For these 
reasons, in this thesis research, the quantitative relationship between microcystin, ozone, pH, 
and DOC was first established using extracted toxin.   
Despite the accuracy of performance measurement that can be obtained using extracted toxin, 
if toxin is present in a real source water, it will likely also be contained in the cyanobacteria cells 
—and it is these cells within a drinking water treatment process that need to be removed.  As 
discussed in Section 2.2, cells are lysed in ozonated water by the disintegration of the cell 
membrane by ozone; the cell cytoplasm, which contains DNA, pigment, and toxin, is released 
into the water matrix thereafter (Pietsch et al., 2001).  Ozone is required to lyse the cells, and 
then to destroy the toxin previously contained within the cells.  The organic matter released from 
the cells also reacts with ozone and can thus impact the amount of ozone available for toxin 
destruction (Wert et al., 2014).           
A few studies have described the release of intercellular cyanobacterial material and its 
contribution to DOC concentrations in ozonated water (Korak et al., 2015; Coral et al., 2013).  
The impact of DOC in the water matrix on the proportion of intercellular and extracellular toxin 
remaining following ozonation was investigated in this thesis research.    
2.4 Dissolved Organic Carbon 
Source waters supplying drinking water treatment plants (WTPs) contain a heterogeneous 
mixture of sizes, charges, hydrophobicities, and chemical compositions of organic matter.  Its 
origins can be terrestrial, anthropogenic, or microbial (Marhaba et al., 2000; Shutova et al., 
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2014).  The quantity and character of organic matter contributes substantially to the efficacy of 
various drinking water treatment approaches.  For instance, coagulation effectively removes 
aromatic, hydrophobic organics of a higher molecular weight (Shutovva et al., 2014).  In a study 
of four WTPs, organic matter removal by coagulation/flocculation/sedimentation ranged from 31 
to 57% of the organics present at the intake.   However, the more aromatic organics that are 
typically believed to be terrestrial in origin were the greater proportion of what was removed 
from the matrix, whereas more of the microbially-derived organics remained (Shutova et al., 
2014).  Waters with this type of character of organic matter are what would be expected in the 
influent of post-sedimentation ozonation processes. 
As previously mentioned, the water matrix in a post-sedimentation treatment process is different 
than from both source water and pre-coagulation water matrices.  There are several aspects of 
water quality that are altered throughout the treatment process; these include pH, alkalinity, 
organic matter concentration and character, and the presence of coagulant and flocculent.  
While many changes in water quality can have an impact on treatment efficacy, changes in pH 
and DOC affect the destruction of microcystin by ozonation (He et al., 2012).  In particular, 
water with a pH above 7.5 in the presence of DOC results in incomplete oxidation of microcystin 
(Al Momani et al., 2008).  It has also been reported that increases in DOC concentrations 
correspond to increased ozone requirements for reducing concentrations of cyanobacterial toxin 
to below regulatory levels (Hoeger et al., 2002; Miao et al., 2009; Schmidt et al., 2008).  While 
this relationship is understood in qualitative terms, the limits of ozonation for toxin destruction 
have not been quantitatively established.  Describing the quantitative relationship between pH, 
DOC, ozone concentrations, and toxin destruction is one objective of this thesis research. 
The microbially-derived forms of organic matter that are likely to be present in clarified water 
include the organic material contained within cyanobacterial cells.  These cells release their 
organic matter when they are lysed during ozonation; some of this material dissolves in the 
water matrix (Wert et al., 2013).  Although other forms of organic matter such as larger 
hydrophobic organic molecules are still present in clarified water and in cellular material, 
hydrophilic organic matter predominates (Swietlik et al., 2004).  It has been shown that the 
hydrophobic portion of dissolved organics is what is predominately removed (i.e. broken down) 
by ozonation (Swietlik et al., 2004; Marhaba et al., 2000).  This reactivity of ozone with DOC can 
be non-ideal from a treatment perspective because the amount of ozone available for toxin 
destruction decreases when ozone reacts with hydrophobic dissolved organics.  Moreover, cell 
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lysis releases additional carbon that is relatively hydrophilic and therefore less likely to be 
reduced by ozonation.   
It should be noted that although this thesis research was not specifically designed to assess 
how various dissolved organics are affected by ozonation, the proportion of intercellular and 
extracellular toxin present following ozonation at various DOC concentrations provides an 
indication of the efficacy of ozone in the presence of cellular organic matter and aqueous 
organic matter (i.e. DOC) in the water matrix.  
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Chapter 3 
Methodology 
3.1 General Research Approach 
Microcystin and Microcystis aeruginosa destruction by ozone at various water quality and 
operational conditions were investigated.  Experiments were conducted using a pilot-scale 
ozone generator and a bench scale reactor.  The procedure for ozonation and reaction of the 
ozonated water with the toxin or cells was consistent throughout all experiments.  
The first experiment involved the use of extracted toxin to provide the greatest control of the 
amount of toxin initially present in the water matrix.  The use of extracted toxin also allowed for 
the assessment of only one mechanism of destruction by ozone: direct attack of the toxin 
molecules by ozone or hydroxyl radicals (Shawwa and Smith, 2001).  The effect of water matrix 
pH and DOC concentration on toxin destruction were quantified and directly correlated. 
The second experiment utilized laboratory cultured Microcystis aeruginosa cells to perform the 
same experiment as with the extracted toxin; thus, the same operational conditions (various 
controlled levels of DOC concentration and pH) were applied.  The efficacy of cell and 
subsequently released toxin destruction by ozonation was investigated.  Both intercellular and 
extracellular toxins were measured after ozonation to provide an indication of the concentration 
and proportion of live cells and toxin remaining in the water matrix after treatment (Pietsch et al., 
2002).  Water matrix pH and DOC concentration were also confirmed.   
The third experiment involved the use of laboratory cultured Microcystis aeruginosa cells to 
repeat the first two experiments in the absence of DOC and at neutral pH.  The auto-
fluorescence of Microcystis sp. was utilized to evaluate the proportion of cells destroyed by 
ozone (Nancharaiah et al., 2007).  The physical effect of ozone on the cells was observed and 
the extent of the damage to cell morphology was evaluated (Korak, et al., 2015).  The general 
experimental research approach is summarized in Figure 3.1.    
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Figure 3.1: General Research Approach 
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3.2 Source Water 
The partially treated (clarified) source water used during experiments 1 and 2 was obtained from 
the Mannheim Water Treatment Plant (MWTP) in Kitchener, Ontario (Figure 3.2).  The MWTP 
treats surface water pumped from the Grand River via the Hidden Valley High Lift Pumping 
Station.  The Pumping Station with its four reservoirs and the adjacent Grand River are shown 
in Figure 3.3.   
Figure 3.2: Location of Mannheim Water Treatment Plant, Kitchener, Ontario 
 
Figure 3.3: Hidden Valley High Lift Pumping Station and Grand River, Kitchener, Ontario 
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To evaluate toxin destruction by ozonation, water from the MWTP was obtained from a sample 
port downstream of the sedimentation tank and upstream of the ozone contact chamber, as 
shown in the process flow diagram provided in Figure 3.4.     
 
Figure 3.4: MWTP Process Flow Diagram 
The nominal water quality characteristics of the influent to the MWTP and after clarification (i.e. 
collected at the sample port) are listed in Table 3.1 below. 
Table 3.1: Nominal MWTP Water Quality Parameters 
Parameter 
 
Influent to MWTP Prior to Ozonation 
pH 8.0 -- 
DOC (mg/L) 5.7 4.2 
TOC (mg/L) 5.8 4.5 
Alkalinity as CaCO3 (mg/L) 220 -- 
TDS (mg/L) 385 -- 
Hardness (mg/L) 268 -- 
Turbidity (mg/L) 3.4 1.4 
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3.3 Experiment Using Extracellular Toxin 
3.3.1 Toxin Source and Analysis 
500 micrograms (µg) of extracted microcystin-LR of ≥95% purity obtained by high performance 
liquid chromatography (HPLC) (Enzo Life Sciences, United Kingdom) were stored at -10°C.  
The microcystin-LR was extracted from Microcystis aeruginosa.  The Certificate of Analysis is 
contained in Appendix 1.  A 1000 microgram per litre (µg/L) solution of microcystin-LR dissolved 
in methanol was prepared using this extract. 
Toxin analysis was performed by the enzyme-linked immunosorbent assay (ELISA) method 
(Engvall and Perlmann, 1971) using the Abraxis™ microcystins/nodularins-DM ELISA kit at the 
Central Ontario Analytical Laboratory (COAL) in Orillia, Ontario.  The ELISA kit detailed 
procedure, the United States Environmental Protection Agency (EPA) Verification Program 
results, the COAL Standard Operating Procedure, and the COAL Determination of Detection 
Limits of Licensed Parameters are contained in Appendix 1.  In brief, this method consists of a 
chlorometric analysis using enzyme conjugate and antibody solution to bind the toxins to the 
enzymes.  The concentration of toxin is measured relative to the intensity of the dyed enzyme 
compound.  The lab analysis reports are contained in Appendix 2.  The samples were shipped 
by overnight courier in coolers with ice packs. 
The reported method detection limit was 0.1 µg/L.  All but one blank control sample (no toxin 
added) were reported as non-detects (ND).  The sample with a detected concentration of toxin 
contained 2.81 µg/L microcystin-LR.  It is unlikely that the settled water from the MWTP 
contained toxin, particularly in January when the water was collected.  COAL acknowledged this 
was likely due to a mislabeled sample, but could not confirm.   
3.3.2 Dissolved Organic Carbon (DOC) 
A potassium hydrogen phthalate (99.95% purity, Nacalai Tesque Inc. Japan) solution at 1000 
milligram per litre as carbon (mg/L-C) was prepared and verified.  The solution was used to add 
additional DOC up to the desired concentration for each experimental trial. 
Potassium hydrogen phthalate is a hydrophobic compound with a low molecular weight that is a 
commonly used laboratory carbon standard (Pradhan et al., 2015).  Hydrophobic compounds 
constitute the majority of aqueous NOM, accounting for over half of the DOC in water 
(Matilainen et al., 2011).  Particular to the research conducted, ozone more readily interacts with 
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hydrophobic compounds (Swietlik et al., 2004) and thus, the specific effect of the presence of 
DOC during ozonation of microcystin-containing water could be studied.  As a result of the use 
of potassium hydrogen phthalate, the effect of DOC shown in this research could potentially be 
greater than would be present in water matrices where there is a greater presence of hydrophilic 
compounds.         
The concentration of DOC in the solution and the water obtained from the MWTP was analysed 
using a Shimadzu VCPH Total Organic Carbon Analyser and reported to +/- 0.001 mg/L.  The 
analysis was performed in accordance with Standard Method 5310B: High Temperature 
Combustion Method (AWWA et al., 2005).  The method consists of homogenization and dilution 
of the sample as necessary.  The sample is then acidifed to a pH less than 2 and sparged with 
ultrapure oxygen to drive off inorganic carbon from the sample.  A small portion is then injected 
into a heated reaction chamber packed with a platinum catalyst.  The water is vaporized and the 
organic carbon and inorganic carbon is oxidized to CO2 and H2O. The CO2 is transported in the 
carrier-gas stream and is measured by a nondispersive infrared analyzer. Prior to analysis the 
water sample was vacuum filtered with a 0.45 micrometre (µm) Pall® Nylaflo hydrophilic nylon 
membrane disc bottle-top filter to obtain only the dissolved organic carbon.  The sample was 
analysed immediately following filtration.  All glassware used for DOC analysis, including 
sample filtrate bottles and the filter funnel apparatus were cleaned and acid washed for a 
minimum of twelve (12) hours in a 10% hydrochloric acid solution to ensure carbon did not leach 
into the samples (Khan and Pillai, 2007).       
3.3.3 pH 
An Orion 720A meter was used to measure pH.  A three point calibration was performed with 
every 4 hours of use.  Standard pH 4, 7, and 10 solutions were used for calibration.  
3.3.4 Ozone 
The ozone residuals utilized in this research were selected based on those utilized at the 
MWTP.  0.3 mg O3/L is used in the winter season (November-March) and 0.6 mg O3/L is used in 
the spring/summer season (April-October) (personal correspondence, Peter Clarke).  The 0.1 
mg O3/L was chosen to assess if reduction of microcystin-LR by a lower ozone residual to below 
regulatory limits was possible under any of the conditions studied.  
Ozone residual was measured using HACH™ Indigo Method for mid-range concentrations (0–
0.75 milligrams of ozone per litre (mg O3/L)).  The HACH™ Method 8311 protocol is presented 
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in Appendix 1.  Ozonated water was reacted with HACH™ AccuVac© ozone reagent ampoules 
and the ozone residual was measured with a HACH™ DR/2010 portable data-logging 
spectrophotometer (HACH Canada, Mississauga, Canada) set at the low range for trials 
conducted at 0.1 mg O3/L, and medium range for trials conducted at 0.3 and 0.6 mg O3/L. 
The ozone residual was measured at the beginning of each trial to obtain the desired 
concentration.  During the preliminary trials conducted to establish the required ozone generator 
set points, the ozone residual at the end of the reaction time was measured.  No ozone residual 
was present, regardless of the initial residual concentration; thus, all of the ozone was 
consumed during the reaction period.          
Table 3.2 shows the target ozone residuals and the range of actual ozone residuals used in the 
experiments conducted in accordance with Section 3.3.6. 
Table 3.2: Target and Actual Ozone Residuals, Extracted Toxin 
Target Ozone Residuals (mg O3/L)  
 
Actual Ozone Residuals (mg O3/L) 
 
0.1  
 
0.06 – 0.18 (mean: 0.11) 
 
0.3  
 
0.22 – 0.45 (mean: 0.34) 
 
0.6  
 
0.51 – 0.70 (mean: 0.59) 
 
3.3.5 Experimental Conditions 
Table 3.3 is a summary of the different conditions investigated during this experiment.  Each 
combination of experimental conditions was evaluated in triplicate.  Thus, a total of 144 trials 
were conducted (48 factor combinations (4 pHs*4 DOCs*3 ozone residuals) * 3 replicates).     
Table 3.3: Experimental Conditions using extracellular microcystin-LR 
pH  DOC (mg/L)  Ozone residual (mg/L) 
7.0 Source water concentration 0.1 
7.5 5 0.3 
8.0 10 0.6 
8.5 15  
 23 
The complete listing of combinations of investigated variables (factorial design) is provided in 
Appendix 3.1. 
3.3.6 Experimental Procedure 
1. Water was obtained from a sample port downstream of the sedimentation tank, prior to 
ozonation at the Mannheim WTP in Kitchener, ON. 
2. Water quality (pH and DOC) were characterized as described above. 
3. Water was ozonated using a Pacific Ozone Model IC5005-C11 ozone generator with a 
2900 watt (W) output to obtain desired ozone residual.  Typical settings were 20 
standard cubic feet per hour (scfh), 4.5 volts direct current (VDC), and a pressure of 6 
pounds per square inch (psi).  Figure 3.5 is a photograph of the ozone generator.   
4. An approximately 50 millilitre (mL) sample of water was collected for ozone residual 
measurement.      
5. Once the desired ozone residual was obtained, 1L of ozonated water was added to a 3L 
double-walled glass reactor (Figure 3.6).  The ports at the top of the reactor were sealed 
with clamped butyl rubber during the experiment, not parafilm, as shown in Figure 3.6. 
6. pH was measured and adjusted with 1.0 normal (N) sodium hydroxide (NaOH) or 1.0 N 
hydrochloric acid (HClaq) to obtain the desired pH.   
7. A pre-determined volume of the DOC solution described above was added to the 
ozonated water to obtain the desired concentration of DOC in the solution. 
8. 10 mL of toxin solution were added to reactor -- a concentration of 10 µg/L microcystin-
LR in the ozonated water. 
9. The reactor was sealed and treatment by ozonation occurred for 15 minutes.  The time 
frame is comparable to reaction times at the MWTP (accounting for the volume of water 
and continuous flow conditions).  
10. After 15 minutes, any remaining ozone residual was quenched with an excess of calcium 
thiosulphate (3 mL of a 1245 mg/L solution).   
11. One (1) 500 mL sample of treated water was collected for microcystin-LR analysis.  For 
every eight (8) samples collected a negative control sample (MWTP water only) was 
analysed. 
12. The procedure was repeated for eight (8) sets of experimental conditions using the same 
batch of water obtained from the Mannheim WTP. 
All sample results and data analysis are presented in Appendix 3.1. 
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Figure 3.5: Pilot-scale Ozone Generator 
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Figure 3.6: Bench-scale Ozone Reactor 
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3.4 Microcystis aeruginosa Cell Culture 
A 30 mL culture of Microcystis aeruginosa was obtained from the Canadian Phycological 
Culture Centre (CPCC), University of Waterloo, Waterloo, Ontario.   
3.4.1 Growth Medium 
A BG-11 growth medium (Rippka et al., 1979) was used to culture the Microcystis aeruginosa 
cells.  The individual solutions of the compounds comprising the growth medium were stored in 
glass 500 mL bottles, covered with aluminum foil, and refrigerated.  The prepared BG-11 
medium was also stored in 1L glass bottles, autoclaved, cooled, and then refrigerated.    The 
vitamin solutions were stored in individual 1 mL cryovials and stored in the freezer (-10°C).  The 
contents and methodology of preparation for the solutions and medium are provided in 
Appendix 1.   
3.4.2 Culture Transfer 
A 250 mL Erlenmeyer flask with a silicone plug was covered with Bioshield (a fabric used to 
cover instruments for sterilization), secured with twine, and autoclaved to sterilize the contents.  
The flasks were cooled to room temperature.  Using a biological safety cabinet, a cryovial 
containing the vitamin solution was thawed and the solution was added to the sterilized growth 
medium.  The growth medium and cell culture were added to the sterilized flasks at a volume 
ratio of 1:3 culture: medium.   
3.4.3 Cell Culture Growth 
The culture-containing flasks were stored in a Percival growth cabinet (John’s Scientific Inc., 
Canada) with environmental conditions maintained as per the advice of Heather Rochon, 
Biologist at the CPCC.  Specifically, the temperature in the culture chamber was maintained 
between 19 and 22°C, at a setpoint of 21°C on a 12 hour light/dark cycle.  Three (3) full 
spectrum white light fluorescent lamps were used as the light source.  The flasks were placed at 
the lower level of the cabinet where the light was measured to be approximately 1776 lux.  
Figure 3.7 shows a representative photograph of the cell cultures. 
3.4.4 Cell Counts 
Using a biological safety cabinet, the cell cultures were obtained with a sterilized Pasteur pipette 
and put into a 20 mL glass vial with the sterilized growth medium to obtain a desired dilution, 
usually of 50 times. 
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Using a Pasteur pipette the cell solution was placed on a Hausser Scientific Bright-Line 
Hemacytometer (VWR International, Mississauga, Canada) and covered with the cover slip.  
The counting chamber was 0.1 mm deep and contained exactly 10 µL.  The entire middle grid of 
the chamber was used to count the cells. 
Cells were enumerated at 200x and 400x magnification under white light using a Zeiss Axioskop 
2 microscope (Carl Zeiss Canada, Toronto, Canada).  The cell counts were used to determine if 
the cell culture should be transferred into fresh growth medium.  Cultures were typically 
transferred after 1-2 weeks and/or cell counts in excess of 5.0x107 cells/mL. 
 
 
Figure 3.7: Representative Microcystis aeruginosa cell cultures in growth cabinet 
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3.5 Experiment using Microcystis aeruginosa cells to measure intercellular and 
extracellular toxin concentrations 
3.5.1 Cell Culture 
Microcystis aeruginosa cells cultured as described in Section 3.4 were used in this experiment.  
Cultures with a cell concentration between 2.5x107 and 4.0x107 cells/mL were used.  Toxin 
concentrations in the cultured cells ranged from approximately 800 to 1000 µg/L.  All toxin was 
intercellular (contained within the cells).  Each set of nine (9) trials was conducted using cells 
cultured from the same flask.   
3.5.2 Experimental Conditions 
Table 3.4 shows the different system conditions evaluated during this experiment.  Each 
combination of experimental conditions was evaluated in triplicate.  Thus, 36 trials were 
conducted (12 factor combinations (2 pHs*3 DOCs*2 ozone residuals) * 3 replicates). 
Table 3.4: Experimental Conditions using Microcystis aeruginosa cells 
pH  DOC (mg/L)  Ozone residual (mg/L) 
8.0 5 0.3 
8.5 10 0.6 
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The complete listing of combinations of investigated variables (factorial design) is provided in 
Appendix 3.2. 
3.5.3 pH, DOC, and Ozone 
The pH, DOC, and ozone levels chosen for this experiment were based on the results obtained 
from the experiment in Section 3.3.  The pH, DOC, and ozone were characterized and 
measured following the same procedure as in Section 3.3. 
Table 3.5 shows the target ozone residuals and the range of actual ozone residuals used in the 
experiments conducted in accordance with Section 3.5.4. 
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Table 3.5: Target and Actual Ozone Residuals, Microcystis cells 
Target Ozone Residuals (mg O3/L)  
 
Actual Ozone Residuals (mg O3/L) 
 
0.3 
 
0.23 – 0.42 (mean: 0.31) 
 
0.6 
 
0.53 – 0.72 (mean: 0.60) 
 
3.5.4 Experimental Procedure 
The same procedure as described in Section 3.3.6 was followed for this experiment, with the 
exception of the following: 
8. 10 mL of cell culture was added to the reactor.  Based on initial toxin analysis of the cell 
cultures, the total toxin concentration was approximately 1000 µg/L. 10 mL of cell culture 
was added to the water in each trial to achieve an initial toxin concentration of 
approximately 10 µg/L in the ozonated water. 
11. One (1) 20 mL sample of reacted water was collected for sample preparation for 
laboratory analysis of microcystin-LR.  For every nine (9) samples collected a control 
sample (MWTP water only) and a sample of the cell culture was submitted for laboratory 
analysis of microcystin-LR.  All samples were collected in 40 mL glass vials with screw 
caps.   
12. The procedure was repeated for nine (9) sets of experimental conditions using the same 
batch of water obtained from the MWTP. 
3.5.5 Toxin Analysis and Sample Preparation 
Microcystin-LR in the cell cultures was analysed using liquid chromatography-mass 
spectroscopy-mass spectroscopy (LC-MS-MS) (Oehrle et al., 2010).  The laboratory and 
instrument procedures and lab analysis reports are provided in Appendices 1 and 2, 
respectively.  Samples were sent for analysis by overnight courier in sealed containers with ice 
packs. 
The samples and cell cultures were prepared for total toxin analysis by the microwave method 
in accordance with the procedure outlined below (Metcalf and Codd, 2000).  This method results 
in cell lysis and thus the release of intercellular toxin into the water matrix.  Therefore, by 
performing this method, intercellular toxin becomes extracellular and the total toxin 
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concentration (extracellular toxin in the water matrix and the released toxin from the cells) in the 
sample can be measured.   
To test the procedure, samples of the microwaved cells were viewed under UV light according 
to the method described in Section 3.6.4.  No cells in the samples fluoresced, indicating there 
were no live intact cells remaining and thus the cells had lysed.   
To measure for extracellular toxin concentration: 
1. A portion of the sample was filtered with a 0.45 µm glass fibre membrane filter to collect 
only the microcystin-LR in solution and filter out all intact cyanobacterial cells.  The filter 
was attached to a PVC disposable syringe and the sample was released into 2 mL 
amber vials with screw top caps, suitable for autosampler sample analysis.   
To measure for total toxin concentration: 
1. The screw top cap was loosely attached to the 40 mL glass vial containing the sample, 
as described in step 11 of the Experimental Procedure below. 
2. The sample was placed in a Goldstar MS-71GMU 700W microwave on ‘high’ setting for 
60 seconds in 10-15 second intervals to ensure the vial did not overheat. 
3. Cells following microwaving were a pale green colour and the cell matter appeared 
“stringy.”   
4. The sample was allowed to cool to room temperature.   
5. The sample was filtered with a 0.45 µm glass fibre membrane filter and attached to a 
PVC disposable syringe into 2 mL amber vials with screw top caps, suitable for 
autosampler sample analysis.  A 0.45 µm glass fibre membrane filter allows microcystin-
LR (between 1.2 and 2.6 nm in size) and matter dissolved in the water matrix (such as 
DOC) to pass through the membrane but would filter out any intact cyanobacteria, which 
are greater than 2 µm.  Membrane filters ranging from 0.45 to 0.7 µm have previously 
been used to isolate microcystin-LR (Korak et al., 2015; Wert et al., 2014; Zamyadi et 
al., 2015) from cells.    
All sample results and data analysis are presented in Appendix 3.2. 
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3.6 Cell Viability Experiment 
3.6.1 Saline Solution 
A saline solution was used as the water medium for this experiment in order to provide a water 
medium without carbon and one that would be conducive to cell viability, but would not 
encourage growth, such as the nutrient-rich growth medium described in 3.4.1.  
A 10% saline solution was prepared using ultrapure (Type 1) MilliQ™ water, 14.4 grams (g) 
sodium phosphate dibasic heptahydrate, 80g sodium chloride, 2.0g potassium chloride, and 
2.4g potassium dihydrogen orthophosphate to make a 1L solution.  The pH of all solutions 
prepared for the trials were between 7.86 and 8.02.  The solution was then autoclaved.  A 0.1% 
saline solution was prepared by dilution of the 10% saline solution.       
3.6.2 Cell Cultures, Toxin Analysis and Sample Preparation, and Ozone 
The cell cultures, methods for sample preparation, and toxin and ozone residual analyses were 
the same as those described in Section 3.5.   
Table 3.6 shows the target ozone residuals and the range of actual ozone residuals used in the 
experiments conducted in accordance with Section 3.6.3. 
Table 3.6: Target and Actual Ozone Residuals, Cell Counts 
Target Ozone Residuals (mg O3/L)  
 
Actual Ozone Residuals (mg O3/L) 
 
0.3 
 
0.23 – 0.45 (mean: 0.31) 
 
0.6 
 
0.45 – 0.73 (mean: 0.57) 
 
3.6.3 Experimental Procedure 
1. The concentration of cells (cells/mL) of the cell culture was counted in accordance with 
the procedure described in Section 3.4.4. 
2. A saline solution was prepared as described above and the pH was measured. 
3. Water was ozonated in the ozone generator described in Section 3.3.6 to obtain the 
desired ozone residual.   
4. An approximately 50 mL sample of water was taken to measure the ozone residual.      
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5. Once the desired ozone residual was obtained, 1L of ozonated water added to a 3L 
glass reactor. 
6. The required volume of cell culture to achieve the desired cell concentration was added 
to reactor.  For a cell culture concentration of 2.0x107 cells/mL the following volumes 
were added: 
Desired Concentration (cells/mL) Volume added (mL) 
100 0.005 
2000 0.1 
10 000 0.5 
100 000 5 
The volume added was adjusted according to the concentration of the cell culture  
7. The reactor was sealed and reacted for 15 minutes. 
8. Any remaining ozone residual was quenched with 3 mL of calcium thiosulphate.   
9. One (1) 20  mL sample of reacted water was collected for sample preparation for 
laboratory analysis of microcystin-LR.  For every six (6) samples collected a control 
sample (unozonated saline solution containing a known concentration of cells) and a 
sample of the cell culture were submitted for microcystin-LR analysis.  All samples were 
collected in 40 mL glass vials with screw top caps. 
10. One (1) 50 mL sample of reacted water was collected for cell counts, as described 
below.   
The procedure was repeated in triplicate for each ozone residual concentration and cell 
concentration.  Thus, 24 trials were conducted (8 factor combinations (4 cell concentrations*2 
ozone residuals) * 3 replicates).  The complete listing of combinations of investigated variables 
(factorial design) is provided in Appendix 3.3.  All sample results and data analysis are 
presented in Appendix 3.3. 
3.6.4 Cell Counts Using Fluorescence 
A portion (calculated based on the initial cell concentration added) of the 50 mL sample (Step 
10 of section 3.6.3) was vacuum filtered using a 25 mm diameter, 3 µm nominal porosity 
Whatman Nuclepore polycarbonate filter (VWR International, Mississauga, Canada).  The filter 
was transferred to a slide and covered with a cover slip.  The auto-fluorescence-based method 
of Nancharaiah et al. (2007) was used for cell enumeration. This involved the use of a Zeiss 
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Axioskop 2 microscope (Carl Zeiss Canada, Toronto, Canada), using a Zeiss FluorArc UV lamp 
at a 546 nm excitation wavelength and a 590 nm emission wavelength was used to count the 
Microcystis cells at 200x and 400x magnification.  
To verify the accuracy of the method, a solution at each cell concentration (i.e. 100, 2000, 10 
000, and 100 000 cells/mL) used in the trials was prepared and enumerated, prior to conducting 
the experiments.  The cell counts consistently had 98% or greater accuracy. All fluorescing cells 
on the filter were counted and the number of intact and damaged and potentially viable (DAPV) 
cells/mL was recorded. 
3.7 Statistical Analyses 
An anova 2-factor with replication regression analysis was conducted using Microsoft Excel 
2010 Data Analysis software to evaluate the significance of operational conditions on toxin 
destruction.  The descriptive statistics of the data sets, such as mean and standard deviation 
(Appendices 3.1, and 3.2) were also obtained using Microsoft Excel 2010 Data Analysis 
software.   
P-values were generated to compare the results obtained at separate operational conditions.  
Two-tailed tests were performed and the p value was evaluated at a significance level of 0.05 (α 
= 0.05).  The analytical results of the tests are presented in Appendices 3.1, 3.2, and 3.3.     
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Chapter 4 
Results and Discussion 
4.1 Experiment Using Extracellular Toxin 
Extracellular microcystin-LR was destroyed by ozonation to below ODWQ standards at ozone 
residuals above 0.3 mg O3/L when aqueous DOC concentrations did not exceed 5 mg/L.  
Notably, the pH of the clarified water did not have a significant effect on the destruction of 
microcystin-LR.  The efficacy of ozone for toxin destruction has been reported previously 
(Jurczak T. et al, 2005; Rositano J. et al, 2001), however, the design of this experiment and the 
size of the data set enabled description of the quantitative relationship between DOC 
concentration in the water matrix and the amount of ozone residual required to achieve toxin 
destruction to levels below regulatory limits in the presence of extracellular toxin.    
The average concentration of extracted microcystin-LR remaining following ozonation of water 
containing an initial toxin concentration of 10 µg/L (at each experimental condition) is shown in 
Figure 4.1.  The pH/DOC concentration combination at each ozone residual concentration is 
presented relative to the microcystin-LR concentration remaining after ozonation.  Sw (source 
water) in Figure 4.1 denotes the clarified water DOC concentration obtained from the MWTP.  
The concentration was typically 3.5 mg/L.  The exact concentrations are provided in Appendix 
3.1.  The same results are presented relative to the DOC concentration in the water matrix for 
each ozone residual (0.1, 0.3, and 0.6 mg O3/L) and at all pH levels in Figures 4.2, 4.3, and 4.4.  
Each set of system conditions was evaluated in triplicate and all of the raw data are presented.     
Not surprisingly, the reduction in toxin concentration from the initial 10 µg/L of microcystin-LR 
was not consistent across all pH/DOC concentrations at an ozone residual of 0.1 mg/L.  The 
remaining toxin concentrations ranged from ND (0.1 µg/L) to 7.45 µg/L.  The majority of these 
ozonated water samples contained toxin at a concentration that exceeded the 1.5 µg/L 
ODWQS, as indicated in Figure 4.1.  No trend in the microcystin-LR concentration was 
observed with increasing DOC concentrations (Figure 4.2).  Microcystin-LR elimination in the 
system with 0.1 mg O3/L was statistically different from that in the systems with 0.3 and 0.6 mg 
O3/L (p=0.000023, α=0.05). These results demonstrate that 0.1 mg O3/L of ozone residual is 
inadequate for treating an extracellular microcystin-LR concentration of 10 µg/L when DOC is 
present at concentrations between ~5 and 15 mg/L; which can be reasonably expected in the 
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settled water of a conventional drinking water treatment process that treats a municipal 
agriculturally-impacted surface water such as the Grand River.     
The toxin concentrations remaining following ozonation at 0.3 and 0.6 mg O3/L were similar to 
one another.  As shown in Figure 4.1, the average concentration of microcystin-LR following 
ozonation was consistently less than the ODWQS at a pH/DOC combination of less than 8 pH 
units/10 mg/L when the ozone residual was 0.3. mg O3/L.  Similarly, the average microcystin-LR 
concentration was consistently less than the ODWQS at a pH/DOC combination of less than 8.5 
pH units/5 mg/L when the ozone residual was 0.6 mg O3/L (Figure 4.1).    
 
Figure 4.1: Extracellular toxin present (mean +/- standard deviation) at all pH/DOC 
combinations for all ozone residual concentrations (0.1, 0.3, and 0.6 mg/L) 
(n=144 samples) 
Figures 4.3 and 4.4 illustrate that there was less than 1.5 µg/L of toxin remaining in most 
samples (all except for one sample at 0.6 mg O3/L, and all except for two samples at 0.3 mg 
O3/L) for ozonated water that contained 5 mg/L DOC.  In contrast, a wider range of toxin 
concentrations (higher standard deviations) was observed at higher DOC concentrations of 10 
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and 15 mg/L.  Specifically, the toxin concentrations remaining after ozonation ranged from 0.26 
µg/L to 3.99 µg/L in samples containing 10 mg/L DOC, and ND (0.1 µg/L) to 3.01 µg/L in 
samples containing 15 mg/L DOC at both ozone residual concentrations.  Both ozone residual 
concentrations adequately eliminated extracellular toxin to concentrations below the regulatory 
limits (mean: 0.35 µg/L) when clarified water contained 5 mg/L or less of DOC compared to 
toxin concentrations (mean: 1.76 µg/L) in water containing 10 and 15 mg/L of DOC (p=0.00001, 
α=0.05).  Although more toxin was destroyed when the ozone residuals were increased to 0.3 
and 0.6 mg O3/L (from 0.1 mg O3/L), neither of these residual ozone concentrations was 
adequate for consistently eliminating toxin concentrations to below 1.5 µg/L when high DOC 
concentrations (10 and 15 mg/L) were present in the water matrix.  These results underscore 
that sub-optimal coagulation situations that result in relatively elevated clarified water DOC 
concentrations (e.g., such as those that are frequently associated with cyanobacterial blooms) 
may significantly reduce the efficacy of ozonation as a barrier against toxin passage into treated 
drinking water supplies.  
 
Figure 4.2: Extracellular toxin present following ozonation at 0.1 mg O3/L  (n=48) 
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Figure 4.3: Extracellular toxin present following ozonation at 0.3 mg O3/L (n=48) 
 
 
Figure 4.4: Extracellular toxin present following ozonation at 0.6 mg O3/L (n=48) 
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pH was not a significant factor associated with elimination of extracellular toxin in the presence 
of DOC at concentrations between 5 and 15 mg/L, and ozone residuals of 0.1, 0.3, and 0.6 
mg/L.  This result appears contradictory to previous reports (Al Momani et al., 2007; Rositano et 
al., 1998) that demonstrated that lower pH resulted in greater toxin reduction.  In those studies, 
the experiments were conducted at pH ranging from 2.0 to 9.9 (Rositano et al., 1998) and pH 
ranging from 2.0 to 11.0 (Al Momani et al., 2007).  Notably, a narrower pH range of 7 to 8.5 was 
used in the present investigation to reflect the typical pH range in many treatment plants with 
surface water sources such as the Grand River.  In contrast, the previously reported studies 
were conducted at much lower pH and at lower DOC concentrations.  Thus, the presence of 
high DOC concentrations in clarified water at pHs consistent with typical surface waters 
appeared to monotonically, but non-linearly govern toxin elimination by ozonation, rendering pH 
effects on toxin reduction inconsequential. This finding represents a novel contribution to 
the understanding of cyanotoxin elimination by ozonation at environmentally and 
operationally relevant conditions.        
Replicate water samples with ozone residual concentrations of 0.3 and 0.6 mg O3/L that 
contained 5 mg/L DOC contained residual toxin concentrations with a standard deviation of 
~0.25 µg microcystin-LR/L after treatment.  By contrast, the standard deviations of the residual 
toxin concentrations measured in systems with higher DOC concentrations were 0.97 and 
1.07 µg microcystin-LR/L in the systems with 10 and 15 mg/L DOC, respectively.   This 
difference in standard deviation (which increased with increasing DOC concentration) suggests 
that there is an interaction effect between the DOC and ozone that affects cyanobacterial toxin 
elimination and that effect is not dependent solely upon DOC concentration.  Alternatively, some 
reports have suggested that the ELISA method is susceptible to increased variability in 
determining toxin concentrations in the presence of natural organic matter (Amistadi et al., 
1997); however, those reports are only speculative as they do not attribute a cause for such 
variability.  Thus the present investigation demonstrates that DOC concentrations above 5 mg/L 
(specifically more hydrophobic DOC) somehow interfere with microcystin-LR treatment by 
ozonation or with quantitative analysis of microcystin-LR using the ELISA method.   
Regardless of residual ozone concentration, differences in toxin concentration following 
ozonation were not statistically significant between DOC concentrations of 10 mg/L or 15 mg/L 
(p=0.10, α=0.05).  In contrast, the toxin concentrations remaining after ozonation in the water 
matrix that contained 5 mg/L DOC were significantly different from those observed in the other 
water matrices with higher DOC concentrations, as previously mentioned.  This difference 
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appeared to be related to the limit of ozone availability.  In the water matrix with 5 mg/L DOC, 
the concentration of toxin remaining after ozonation decreased when the ozone residual was 
increased from 0.3 mg O3/L to 0.6 mg O3/L; specifically, from less than 1.00 µg/L (22 of 24 
samples) at 0.3 mg O3/L to less than 0.5 µg/L (23 of 24 samples) at 0.6 mg O3/L (p=0.0022, 
α=0.05, including all samples).  Thus, at proportionally higher ozone residuals, ozone achieved 
correspondingly greater toxin elimination; this result is consistent with the reported literature 
(Newcombe and Nicholson, 2004).  Notably, however, this result was observed even in the 
presence of DOC.  The threshold by which this relationship was maintained was at 5 mg/L DOC 
and ozone residuals of 0.3 mg O3/L or greater, as shown in Figures 4.3 and 4.4.  Beyond 5 mg/L 
DOC, ozone still eliminates toxin, but there is not a significant effect between ozone residual 
and toxin reduction, such that increasing ozone residual concentrations do not correspond to 
greater toxin elimination (p=0.79, α=0.05).  Thus, it appears that at higher system DOC 
concentrations, ozonation at the residual ozone concentrations typically applied in water 
treatment plants is insufficient for extracellular toxin elimination and much greater 
concentrations of ozone are required to achieve a reduction in toxin concentrations to below 
regulatory limits. This result and the associated implication to practice have not been 
previously reported. 
4.2 Experiment using Microcystis aeruginosa cells to measure intercellular and 
extracellular toxin concentrations 
4.2.1 Toxin destroyed using cell cultures compared to using extracellular toxin 
Only ~43% of the microcystin-LR that was destroyed by ozone when in extracellular form was 
destroyed when Microcystis aeruginosa cells were present in the system at the same 
experimental conditions.  This is a significant new finding that emphasizes the need for 
caution when relying on ozonation for drinking water treatment during periods of 
elevated cyanobacterial risk to water supplies. Specifically, the mean concentration of toxin 
remaining following ozonation of the Microcystis cells was 5.49 µg/L (+/- 1.28), whereas the 
mean concentration of toxin remaining following ozonation of the extracted toxin was 1.52 µg/L 
(+/- 1.22).  This demonstrates that a significant oxidative capacity is required to lyse the cells 
before the ozone can destroy the intercellular toxin.  Thus, the operational requirements of 
cyanobacterial toxin destruction processes such as ozonation are greater in the presence of 
cells, as compared to toxin in the water matrix. While this result would logically be expected 
and has been indirectly suggested by previous investigations (Fan et al., 2014; Fan et al., 
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2013; Miao and Tao, 2009), the present research has directly demonstrated and 
quantified it. 
Figure 4.5 illustrates the decrease in microcystin-LR destroyed in the water matrix following 
ozonation of cultured Microcystis aeruginosa cells as DOC concentrations in the system were 
increased.  The microcystin-LR concentration is shown relative to DOC concentration in the 
water matrix at the residual ozone concentrations (0.3 and 0.6 mg O3/L) and pHs (8.0, 8.5).   
The concentration of microcystin-LR destroyed following ozonation of Microcystis cells as a 
percentage of destroyed toxin, as shown in Figure 4.5, ranges from less than 18% to 34%.  
Moreover, the remaining toxin concentrations exceeded 1.5 µg/L (ODWQS) in all cases.  In 
contrast, greater than 60% and 70% of the initial extracellular toxin concentration at 0.3 mg O3/L 
and 0.6 mg O3/L, respectively was destroyed (Figures 4.3 and 4.4, Section 4.1).   
It should be noted that the initial toxin concentration was slightly higher in the experiment 
described in Section 4.1 (10 µg/L extracellular toxin vs. 6.1 and 8.6 µg/L toxin contained in cells 
on average).  It is important to note that the cells used in the experiments were healthy and 
abundant (2.0 - 4.3 x 107 cells/mL).  It can be speculated that the cells in a drinking water 
treatment facility may not be as robust or numerous after chemical treatment with coagulation, 
flocculation, and sedimentation.  However, cells entering treatment processes during bloom 
events have challenged and disrupted coagulation and filtration processes, thereby increasing 
treatment demands on downstream processes, such as ozonation (Zamyadi et al., 2012).  
Accordingly, the state and condition of the Microcystis cells utilized in the present investigation 
may reasonably be similar to cells that may pass into in a drinking water treatment facility’s 
post-clarification ozone contact chamber.   
The results presented herein are consistent with the general understanding of toxin destruction 
by ozone when toxin is entirely contained within cyanobacterial cells (Fan et al., 2013; Miao and 
Tao, 2009), as was the case for the cell cultures used in the present experiments.  The oxidative 
energy required to cause sufficient physical damage to the cell membrane that would release 
toxin and cell contents into the water matrix, reduces the available ozone for interaction with 
(destruction of) the toxin itself (Coral et al., 2013).   
The difference in ozone efficacy between the two sets of experiments, as measured by the toxin 
destroyed, is substantial and underlies the fact that toxin elimination in an ozone treatment 
process environment is a two-step process of cell lysis followed by toxin destruction. 
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Figure 4.5: Microcystin-LR destruction (mean +/- standard deviation) following ozonation 
at various DOC concentrations in the water matrix  (n=12 at 5 mg/L, n=11 at 10 
mg/L, n=9 at 15 mg/L) 
4.2.2 Extracellular vs. Intercellular Toxin Destruction  
Distinguishing between the forms of remaining toxin in solution following ozonation provides 
insight into the proportion of intact cells.  As the concentrations of DOC in the water matrix 
increased in the present investigation, the proportion live cells present (as measured by 
intercellular toxin concentrations) following ozonation also increased.  Therefore, not only did 
DOC decrease the efficacy of ozone in destroying toxin, it also decreased the oxidative capacity 
of ozone in lysing cells; thus the rate of reaction was not directly proportional to the 
concentration of DOC.     
The mean toxin concentration distribution between the extracellular (existing in the water matrix) 
and intercellular (contained within the cells) forms following ozonation of Microcystis aeruginosa 
cells is presented in Table 4.1.  The microcystin-LR concentration shown relative to DOC 
concentration in the water matrix is at all the residual ozone concentrations (0.3, and 0.6 mg 
O3/L) and pHs (8.0, 8.5) investigated.   
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The data demonstrate an increase in total toxin remaining at higher DOC concentrations, as 
illustrated in Figure 4.5.  The increasing proportion of the average intercellular toxin and the 
corresponding decreasing proportion of the average extracellular toxin are demonstrated in 
Figures 4.6, 4.7, and 4.8.  The concentration of intercellular toxin remaining after ozonation 
exceeded the concentration of extracellular toxin at a threshold DOC concentration of 9 mg/L 
DOC.  
Table 4.1:  Remaining microcystin concentration following ozonation of water containing 
Microcystis aeruginosa cells, expressed as a percentage of initial concentration  
(n=12 at 5 mg/L, n=11 at 10 mg/L, n=9 at 15 mg/L) 
DOC (mg/L) Mean total toxin 
(%) 
Mean extracellular toxin 
(%) 
Mean intercellular toxin 
(%) 
5 66.4 51.4 15.0 
10 71.4 31.8 39.6 
15 85.5 17.8 67.7 
p value (α=0.05) 0.00096 
(between 5 and 15 
mg/L) 
0.00001 
(between 5 and 15 
mg/L) 
Calculated value 
Increased DOC concentrations in the water matrix both decreased the efficacy of toxin 
destruction by ozonation and shifted the form of toxin (i.e. extracellular vs. intercellular).  In 
systems with 5 mg/L DOC, a third of the initial toxin was destroyed following ozonation and most 
of the remaining toxin was in the extracellular form.  As all the initial toxin was contained within 
the cells, ozone lysed ~85% of the cells (15% of toxin remained within the cells) (Figure 4.6).  
With each 5 mg/L increment of additional DOC added to the water matrix, a non-linear 
proportional reduction in lysed cells was observed.  The percentage of lysed cells decreased 
from 85% to 60% to 32% at 5, 10, and 15 mg/L DOC, respectively, as shown in Figures 4.6, 4.7 
and 4.8.  This result demonstrates that the effect of increased DOC concentrations decreased 
ozone efficacy in destroying toxin, and non-linearly increased the oxidative requirements 
necessary for achieving cell lysis relative to the DOC concentration present in the system. 
Thus, this result provides important new insight into the design and application of ozone 
systems for mitigating cyanobacterial toxin passage into treated drinking water.   
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Figure 4.6:  Proportion of destroyed and remaining toxin following ozonationin water matrix containing 5 mg/L 
DOC 
 
 
Figure 4.7:  Proportion of destroyed and remaining toxin following ozonation in water matrix containing 10 
mg/L DOC 
 
 
Figure 4.8:  Proportion of destroyed and remaining toxin following ozonation in water matrix containing 15 
mg/L DOC 
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Figure 4.9 illustrates the relationship between the total toxin remaining following ozonation 
at the three DOC concentrations investigated and the portion of that toxin in the extracellular 
form. Each set of system conditions was evaluated in triplicate and all of the raw data are 
presented.  Figure 4.10 illustrates the relationship between total toxin and intercellular toxin 
for the same set of system conditions. 
 
Figure 4.9:  Total and extracellular toxin present following ozonation for all ozone 
residual concentrations as a function of DOC concentration 
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Figure 4.10:  Total and intercellular toxin present following ozonation for all ozone 
residual concentrations as a function of DOC concentration 
The variability in the data in Figures 4.9 and 4.10 can be attributed to a number of factors.  
The consistency in initial toxin concentration in the cell cultures cannot be easily controlled; 
here, it was either 6.1 or 8.6 µg/L.  Thus, the absolute value of the remaining toxin 
concentrations may differ even if the proportion destroyed was similar.  Also, the toxin 
concentration in the cells was assumed to be uniformly distributed.  While this is a 
reasonable assumption for the purposes of assessing the concentrations of toxin at various 
experimental conditions, it is likely that there is natural variability in toxin concentration 
across the individual cells within a population.  Further, the data presented here are 
aggregated across all experimental conditions (i.e., ozone residual concentrations and pHs) 
for each DOC concentration to demonstrate the consistency of the observed trends.  Ozone 
concentration was not a critical factor in the proportion of total, extracellular, and intercellular 
toxin destroyed at the DOC concentrations investigated.  This presentation of the data 
demonstrates that the form of toxin (intercellular vs. extracellular) present after treatment 
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appeared to be governed by the initial DOC concentration in the system, likely due to the 
significant oxidant/ozone demand of DOC when present at high aqueous (~10 mg/L) 
concentrations.  Similar to the result from the experiments using extracellular toxin only 
(Section 4.1), pH did not a significantly affect toxin destruction by ozonation at the conditions 
investigated.  Notably, despite the variability in the data, there was a significant increase in 
the total toxin concentration remaining following treatment by ozonation between water 
matrices with 5 mg/L DOC and those with 15 mg/L DOC.  There was also a significant 
difference in the form of the remaining toxin (extracellular vs. intercellular) between water 
matrices with 5 mg/L DOC and those with 15 mg/L DOC.  
4.3 Cell Viability Experiment 
In the absence of DOC, a mean of 93% of cells were lysed at cell concentrations between 
100 and 100 000 cells/mL, which when considered in conjunction with the results from 
Section 4.2 provides a baseline for the cell lysis rate attributable to ozonation in the 
presence of DOC.  Fluorescence analysis enabled the observation that some cells were not 
entirely intact after ozonation; thus they were described as Damaged and Potentially Viable 
(DAPV) cells.  These cells were present at initial ozone residuals less than 0.45 mg O3/L, 
suggesting that incomplete oxidation occurs at lower ozone residual concentrations.  These 
cells may have the potential to reproduce; accordingly, this possibility warrants further 
investigation and represents an important follow up to the present investigation. 
The fraction of Microcystis aeruginosa cells remaining in the water matrix following 
ozonation is shown in Figure 4.11.  The initial cell concentrations were based on Water 
Quality Research Australia (WQRA) Alert levels.  Level One Alert is between 2000 and 6500 
cells/mL, Level Two Alert is greater than 6500 cells/mL and  Level Three Alert at greater 
than 65 000 cells/mL (Newcombe et al., 2009). Although these levels may seem low as 
compared to traditional bloom event concentrations, cyanobacteria are generally present in 
surface water and thus in treatment processes.  Their behaviour at these concentrations is 
important to understanding drinking water treatment process efficacy.  Thus, the efficacy of 
ozone in destroying microcystin-LR and lysing cells at 100 to 100 000 cells/mL in the 
absence of DOC provided a baseline for describing the relationship between ozone, DOC, 
and toxin-containing Microcystis cells.   
 47 
With the exception of three trials, the cells remaining following ozonation at both 0.3 and 0.6 
mg O3/L represented less than 10% of the initial cell concentration.  The mean lysis rate was 
93% for all trials.  There was no significant correlation between the initial cell concentration 
and the lysis rate (p=0.15, α=0.05).  Of the three trials in which the cell concentration 
remaining following ozonation was above 10%, the cell concentrations were 14.6%, 37.5%, 
and 57.4%.  Factors that could contribute to these higher remaining cell concentrations after 
treatment include a higher initial cell concentration of the cell culture than was calculated, 
obtaining the cell volume from a high density portion of the cell culture resulting in an initial 
cell concentration that was higher than calculated, and the ozone not interacting with the 
cells to the same extent as in other trials.   
The calculated total microcystin-LR concentration of the cells added to the ozonated water 
ranged between <0.01 µg/L (100 cells/mL) to >5.00 µg/L (100 000 cells/mL).  The 
microcystin-LR concentration was calculated based on the measured toxin and cell 
concentration of the cell culture.   
All toxin concentrations following ozonation were non-detect (ND at 1.0 µg/L) or below the 
detection limit (BDL) with the exception of one (1) sample that contained microcystin-LR at 
1.94 µg/L.  The initial cell concentration of the sample that contained microcystin-LR was 
100 000 cells/mL and the cell concentration following ozonation was 7800 cells/mL.  
Although there was no correlation between the cell concentration following ozonation and 
the toxin concentration measured, the sample containing toxin was at a concentration above 
the ODWQS and at a cell concentration above Alert Level 2.  Thus, even cell concentrations 
at much lower concentrations than bloom events can contain high levels of toxin that are not 
eliminated by ozone to below regulatory levels.              
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Figure 4.11: Cell lysis by ozone according to ozone residual concentration (n = 24) 
These experiments conducted in the absence of DOC can be considered in conjunction with 
the results from Section 4.2.  A relationship between cell lysis by ozone and DOC 
concentration in the water matrix also can be determined based on this work.  This 
relationship is shown in Figure 4.12.  There is a slight increase in the mean remaining cells 
following ozonation from 7% of cells remaining with no DOC to 15% of cells remaining with 
DOC at a concentration of 5 mg/L.  The slope of the curve increases as DOC increases to 
10 mg/L and the percentage of cells remaining increases to 40%.  The slope of the curve is 
similar from 10 to 15 mg/L DOC as the percentage of cells remaining increases to 68%.         
This demonstrates the oxidative capacity of ozone relative to the scavenging capability of 
DOC and the associated effect on cell lysis.  As noted in Section 4.2, the determination of 
the proportion of toxin remaining in the cell following ozonation relative to DOC 
concentration provides an understanding of the limitations of ozone to affect the destruction 
of toxin.  It also demonstrates that the concentration of ozone necessary to achieve toxin 
elimination is dependent upon ‘overcoming’ the DOC concentration present in the water 
matrix.   
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Figure 4.12:  Cell lysis by ozone according to DOC present in water matrix at all ozone 
residuals investigated  
(points are connected only to improve visualization of results) 
The fluorescence method used to detect and count live Microcystis cells pre- and post-
ozonation also enabled visualization of cells that were not similar to untreated Microcystis 
sp.  Prior to ozonation, cells appeared to be smooth-surfaced, and spherical with a 
distinctive cell wall.  Pictures of these cells are shown in Figures 4.13 and 4.15.  Following 
ozonation, the cells were dimpled and appeared shrunken.  Similar alteration in cell 
structure following ozonation was observed by Coral et al. (2013) and Miao and Tao (2009), 
including the release of cytoplasm from the cells.  However, in this investigation, the pigment 
within the cells did fluoresce in the same manner as the pre-ozonated cells and the cell 
walls were visible.  These cells did not appear to have a defined cell wall and the pigment 
did not always appear to be contained by a cell.  The cells also appeared flattened or non-
spherical.  Often they were grouped together in clusters such that differentiating individual 
cells was difficult.  Nonetheless, these cells fluoresced, which indicates the presence of 
pigmented cell matter, common to intact, live cyanobacterial cells.  Pictures of these cells 
are shown on Figures 4.14 and 4.16. 
 50 
These misshapen, DAPV cells clearly had suffered some damage due to ozonation, but it 
remains unclear whether they were damaged beyond an ability to reproduce or if their 
fluorescence indicated that their cell contents were intact and therefore the cells remained 
viable following ozonation.   
The DAPV cells were enumerated in addition to the intact cells post-ozonation.  The 
fractions of DAPV cells are shown as a function of ozone residual in Figure 4.17.  Similar to 
the fraction of intact cells following ozonation, the fraction of DAPV cells was less than 10% 
of the initial cell count with the exception of two trials.  In three trials the fraction of DAPV 
cells was greater than the fraction of intact cells remaining following ozonation.  Thus, for 
some trials, the number of fluorescing cells approached 20% of the initial cell count.  The 
DAPV cells were present at ozone residuals of 0.45 mg O3/L and less, which reasonably 
suggests that incomplete cell lysis occurred at conditions with less oxidation.   
The presence of DAPV cells adds to the complexity of cell lysis and toxin destruction by 
ozone as there is the potential for greater numbers of viable cells than originally estimated 
by solely accounting for traditionally intact cells.  It is also unclear as to whether the toxin is 
contained within the cell or due to its damage, some or all of the toxin was released.  One of 
the most important considerations is the reproducibility of these cells.  Should these cells be 
able to reproduce, then the means by which we detect live cells needs to include the ability 
to determine potential viability.  The fluorescence method does achieve this via the detection 
of pigmentation, however more work on the relationship between pigment and toxin release 
would be required to determine the significance of these cells to ozone treatment efficacy. 
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Figure 4.13: Microcystis aeruginosa cell  
(Philips CM10 Transmission Electron Microscope (TEM) at 64 000x 
magnification)  
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Figure 4.14:  Ozonated Microcystis aeruginosa cells  
(Philips CM10 TEM at 7900 x magnification)   
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Figure 4.15: Microcystis aeruginosa cells  
(Zeiss LSM 510 Meta Confocal Microscope and FluoArx UV lamp at 63x magnification, 
at 546/590 nm excitation/emission wavelength) 
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Figure 4.16:  Ozonated Microcystis aeruginosa cells  
(Zeiss LSM 510 Meta Confocal Microscope and FluoArx UV lamp at 63x magnification, 
at 546/590 nm excitation/emission wavelength)  
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Figure 4.17: Presence of DAPV Microcystis aeruginosa cells relative to ozone residual 
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Chapter 5 
Conclusions and Implications 
The overall conclusions and implications from this work are as follows: 
1. Ozonation can effectively destroy microcystin-LR, regardless of whether it is in extracted 
(i.e. extracellular) or intercellular forms.   
This was demonstrated using extracellular toxin at DOC concentrations of 5 mg/L and 
below, and ozone residual concentrations at 0.3 mg/L or higher.  It was also 
demonstrated by the lack of toxin detection (at a detection limit of 1.0 µg/L) for all but 
one sample in the experiment on cell viability at cell concentrations between 100 and 
100 000 cells/mL.  These findings are consistent with the reported literature (Al Momani 
et al., 2008; Hoeger et al., 2002; Rositano et al, 1998; Rositano et al., 2001).   
2. Proportionally, ~43% less microcystin-LR is destroyed by ozonation when present in 
Microcystis sp. cells than when present in extracted form.  The novel contribution of this 
work is that this relationship was demonstrated through replication of identical 
experiments using toxin in extracted and cellular forms.  The relationship was also 
maintained when all other relevant factors including initial ozone residual, DOC 
concentration, and water matrix, were the same.   
 
This result is consistent with the reported literature on the mechanics of oxidative cell 
disruption, which demonstrates that ozone lyses cyanobacterial cells and then destroys 
toxins (Coral et al., 2013; Korak et al., 2015).  The controlled nature of the present 
investigation clearly underscores that effective treatment requires consideration of 
cellular matter when designing and evaluating processes such as ozonation for the 
purpose of cyanobacterial destruction.  Notably, the evaluation of many treatment 
processes’ toxin removal performance has historically relied on assessment of extracted 
toxin elimination (Wert et al., 2014; Zamyadi et al., 2012) and does not take into 
consideration the mechanics of cell disruption by oxidation. 
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3. a) This work suggests that a key DOC threshold concentration exists (~5 mg/L), above 
which DOC significantly precludes adequate microcystin-LR destruction by ozonation for 
meeting regulatory targets for treated drinking water.   
 
This threshold was observed at ozone residuals 0.3 mg O3/L and 0.6 mg O3/L during the 
experiment using extracellular toxin.  The experiments conducted with Microcystis 
aeruginosa also demonstrate a significant difference between increasing concentrations 
of DOC and the efficacy of microcystin-LR destruction by ozonation.  As the proportion 
of DOC increased, so did the concentration of toxin remaining following ozonation.  This 
result is consistent with the reported literature, in which the presence of organic matter 
has been reported to act as a scavenger of ozone (Shawwa et Smith, 2001; von Gunten 
et al., 2003). Thus, DOC decreases the available oxidative capacity of ozone in 
destroying cyanotoxins. 
 
This work is the first to demonstrate the quantitative relationship between toxin 
concentration and DOC concentration at controlled ozone residual concentrations.            
Its critical implications are two-fold.  First, it demonstrates that even at moderate DOC 
concentrations (>5 mg/L), sufficient toxin destruction by ozonation cannot be assured.  
Thus, any increase in DOC concentration in the influent water—as might occur during 
high precipitation events and often accompanies cyanobacterial bloom events—may 
require modifications to the method and/or concentration of ozone application. 
Alternatively, if such modifications are not possible, ozonation may be an inadequate 
barrier for the treatment of cyanotoxin.  Second, this threshold illustrates the importance 
of the management of organic matter in source water (i.e. through active source water 
protection strategies), reservoirs, and upstream treatment processes to ozonation. For 
example, utilities that experience severe landscape disturbance by wildfire or hurricanes 
in source watersheds can expect significant increases in nutrients such as phosphorus 
and DOC (Emelko et al., 2016; Silins et al., 2014), which can concurrently promote 
cyanobacterial blooms and challenge treatment because of significantly elevated DOC 
concentrations, even in the highest quality source watersheds (Emelko et al., 2011). 
Accordingly, these concurrent climate associated changes in source water quality and 
challenges for conventional water treatment technologies, such as ozone, underscore 
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the need for drinking water utilities to increasingly weigh and balance the benefits of 
investment in both source water protection strategies and resilient treatment 
technologies.  
The relationship established in this investigation provides an indication of the decreased 
efficacy of cyanobacteria destruction that can be expected in treatment processes when 
changes in influent DOC concentrations and/or toxin concentrations are experienced.   
3.b)  The experiments conducted with Microcystis aeruginosa cells demonstrated that the 
form of toxin, intercellular or extracellular, present in a treatment plant is important.  
Specifically, the presence of cells during ozonation requires a different operational 
strategy than ozone application for the treatment of extracellular toxin.  This 
investigation demonstrated that the relative proportion of intercellular microcystin-LR 
remaining in the Microcystis aeruginosa cells following ozonation is greater with 
increasing DOC concentrations.  Intercellular toxin concentrations increased from 7% to 
15% to 40% to 68%, on average, with increases in DOC concentrations from 0 to 5 to 
10 to 15 mg/L, respectively.  The proportion of intercellular toxin remaining following 
ozonation exceeded that of extracellular toxin at system DOC concentrations of 9 mg/L.   
The minimal effect of increases in ozone residual concentration on the efficacy of 
treatment was also demonstrated in these experiments.  At the ozone concentrations 
investigated, any impact ozone may have had on the reduction of toxin was 
overshadowed by the DOC concentration present.  As such, while increases in ozone 
concentrations would provide more oxidative capacity, it appears that increased ozone 
residual would not necessarily result in a reduction in toxin proportional to the increased 
DOC concentration.  In other words, the relationship between DOC concentration and 
ozone efficacy in eliminating toxin is likely monotonic, but definitely not linear.  
Higher proportions of intercellular toxin with increasing DOC may mean the potential for a 
higher proportion of live cells (which may possibly replicate and produce more toxin) after 
treatment.  Thus, it is possible that ozonation may reach a limit of efficacy in treating 
cyanobacterial toxins.       
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4. The destruction of cyanobacterial cells by ozone is not just a matter of viable or 
inactivated, but also a matter of accounting for damaged and potentially viable (DAPV) 
cells.  This work is the first to identify this possibility. 
Although cell deformation following ozonation has previously been shown using scanning 
electron microscopy (SEM) (Coral et al., 2013),  the use of fluorescence as a means of 
establishing the impact of treatment, particularly ozonation, on cyanobacteria in the present 
investigation has provided greater insight into the viability of ozonated cells.  Here, 93% of 
the initial cyanobacterial cells were destroyed by ozonation (at both residual concentrations 
of 0.3 mg O3/L and 0.6 mg O3/L).  More complete destruction of Microcystis sp. cells was 
achieved at higher ozone residuals, such that there were fewer damaged and potentially 
viable (DAPV) cells than at lower residual concentrations.  Very few of these cells were 
observed above 0.45 mg O3/L.  This may have been expected, as ozone lyses cells through 
disruption of the cell wall, yet the use of fluorescence to measure the effects of ozone 
enabled observation and quantification of the presence of fluorescing (thus presumably 
viable) though clearly damaged cells.  Thus, the presence of Microcystis sp. cells in the 
treatment system at the concentrations studied necessitates the application of an ozone 
residual of greater than 0.45 mg O3/L to ensure a complete destruction of cells.  These 
observations underscore the importance of identifying and assessing the significance of 
DAPV cells in future work. Critically, it is important to evaluate;  
1) whether DAPV cells can reproduce (and thus produce more toxin) and,  
2) if toxin is still present within the walls of DAPV cells.   
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